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Sexual recombination in Escherichia coli has been studied almost 
exclusively with strain “K 12”. The initial choice of this strain was 
entirely fortuitous (Zderberg & I,edcrberg 1956, Gray B Tntum 1911). 
\Vhile many aspects of the life cycle have been successfully analyzed 
with this particular strain, at least two considerations have motivated 
a search for the distribution of sexual interfertility among a wider 
group of strains: ( 1) the interest in the status of the Escherichin coli 
group, as a gcnc pool and (2) the possibility that some genetic diffcr- 
cnccs not &dent from mutation in the laboratory might bc found 
among diverse strains from natural habitats. In the latter category, 
the most intcrrsting fcaturcs might well involve the mechanism of 
sexual compatibility among various scrotypes. 

X preliminary screening of wild type strains seemed to justify these 
expectations (Z,cderberg 1951). This study was howcrcr conducted 
before the Hfr, F+, Fm system of sexual compatibility was adcquatcly 
understood (Caunlli 1950, Lderberg, Canalli & Lrderberg 1953, Hayes 
1953). In view of the promise of immunogcnctic factors in future work 
it was, therefore, decided to take advantage of the collection of estab- 
lished scrotypcs of Escherichia coli for a review of genetic interactions 
in the group. Strain “K 12” itself poses formidable difficulties for 
immunological studies in account of its virtual loss of 0 and K antigens, 
the strain having been cultivated for other purposes and without special 
scrutiny for its serological propertics since 1922. The cstablishmcnt of 
a serological scheme for E. coli (Karrffmann 1934; Ewing 1956) indeed 
represents a substantial investment that can he exploited in further 
gcnotypic analysis of the species. 
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Three main types of antigens are depicted in the E. di group : ( 1) The 
0 antigens which are thermostable lipopolysaccharide-complexes con- 
stituting part of the cell wall, (2) the K antigens which are envelope or 
capsule antigens of polysaccharide nature; historically three types 
of K antigens A, B and L have been described. They arc differentiated 
by the varying thcrmostahility of their agglutinability, their capacity 
to evoke the formation of agglutinins and their agglutinin-binding 
capacity. (3) The H- or flagellar antigens; by contrast with Salmorwlla, 
which frequently display alternative flagellar forms only monophasic 
strains have been found so far in the coli group. The first antigenic 
scheme for the E. coli group was published by Kauffmnnn in 1944. 
This scheme contained 20 different 0 groups, 17 K antigens and 3 H 
antigens. Since then the scheme has been steadily extended and it com- 
prised when the present examinations wcrc carried out 

137 0 antigens 
80 K antigens 
43 H antigens 

corresponding to a somewhat smaller number of type strains, since 
some of the K and H type strains arc also rcprcscntcd in the 0 series. 
The serotype of a coli strain is given as follows: 0 111: K 58: H 2l. The 
0, K and H antigens exist in a great number of different combinations; 
if they could recombine freely the absolute number of coli serotyprs 
containing the known antigens would be close to half a million. In 
practice the number is reduced, as it has been observed that a number 
of 0 and K antigens (especially OA and OB) are closely connected. 
For example it could be mentioned that the combinations 0 55: K 59 
and 0 111: K 58 are known only in the indicated pairs. On the other 
hand that the H antigens can be combined freely with diverse OK 
groups is illustrated by the experience from the 0 55: K 59 and 0 111: 
K ,58 groups. Among the rather limited number of these strains whose 
H antigens have been recorded at least 8 different H antigen combina- 
tions for 0 111: K 58 and 10 for 0 55: K 59 have been detected (Ewing 
1956, G3rskou 1956). 

Sexual Compatibility in E. coli. 

Sexual recombination in E. coli is mediated by contact between cells 
of different mating type. In order to give a productive cross one type 
of cells (F+) acts as genetic donor or male and the other as recipient 
or female (Fm) . However, F+ are ambivalent and F+ X F+ crosses give 
a few rccombinants. Most of the “K 12” strains are F+: upon mixing 
with “K 12” Fm culture they exhibit a low frequency of recombination 

1 According to earlier convention this would have been designated 0111: PA: HZ; 
the notations here follows Kanffmann, Orskou L% Ewing (1956). 
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(1OV or less expressed as the observed ratio of recombinant to input 
parental cells). Strains termed Hfr (Caualli 1950, Hayes 1953) show a 
high frequency of recombination in crosses with Fm strains (10-l to 
1OW). In most sexual crossing experiments carried out so far both 
parent strains have been auxotrophic mutants which were unable to 
synthesise one or more compounds necessary for growth, most often 
amino acids. This procedure requires considerable handling of each 
parent strain to produce the necessary mutants. To simplify the scrccn- 
ing of a large number of strains the so-called SRP-technique (strepto- 
mycin-resistance-prototroph) was developed (Lederbcrg 1951 ). Rc- 
combinants are selected from test crosses between auxotrophic, strcpto- 
mycin-resistant tester strains and various prototrophic, strcptomycin- 
scnsitivc i.e. wild type strains. Thus a large number of coli wild type 
strains could be screened both for fertility and for mating type. 

METHODS 

The parent strains were grown in penassay hroth Difco for 20 hours and 0.5 ml 
from each parent culture was inoculated into a fresh broth. The mixed culture wa:, 
incubated for another 20 hours, centrifuged and the pellet resuspended in IO.5 ml 
distilled water. One drop of this suspension was spread onto minimal medium (see 
helow). Controls were provided hy plating the washed parent cultures onto the 
same medium as used for crosses. The plates were read after 48 hours incubati<>n 
at 3i” C. No further analysis of the recombinant colonies was carried out. (L~r!rr- 
h?i-(g 1951). 

Metlin. For fluid medium penassag broth Difco was most often used. In some cases 
autoclaved ox heart infusion broth. produced in Statcns Seruminstitut, Copenhagen. 
wa:, employed. No difference as to the usefulness of these two media could he found. 
l’RIS agar plates (Lecf~~rb~r~ 1950) supplcmentcd with dihg-drostrcptomgcin 100 rgjml 
and galartose 1 per cent was used as selective medium for the recomhinants. 

Strains. All type strains for coli antigens which were estahlishcd up till 195i 
were examined: 

0 antigen test strains: 137 
K antigen test strains: 80 
H antigen test st:ains: 43 

Two of the 0 tree strains were found to he streptomrcin resistant (012fi and 
0127). flour 0 type-strains have previously been found noi to belong to E. coli hut 
to the Citrobncfcr group (Orsko~ 1956) and finally 047 has hecn lost many -cars 
ago. Of the K type strains, 29 were identical with different 0 type strains. Among 
the 13 H antigen type strains 23 were already represented among the 0 or K type 
strains; two H type strains have hccn found to belong the Citrobncter group. The 
reducrd number of different type strains examined was therefore: 

0 antigen test strains: 130 
K antigen test strains: 51 
H antigen test sttrains: 18 

Total: 199 

76 E. coli strains helonging to the OK group 026: K60. 055: K59 and 0111: KS. in 
many different H antigen combinations, were further examined. (Tahlc 1). 

72 Klrbsielln type strains representing thr same number of different capsule 
antigens were also included. 

The auxotrophic coli strains with known fertility used in the crosses can he found 
in Table 2. These last mentioned strains were all developed in Dept. of Genetics. 
ITniversity of Wixconsin. Madison. Wisconsin, 1J.S.A. 



E. coli Slrains Helonginy to the ‘OK-Types 0%: KfiO, 05.5: K59 nntl 0111: KS8 Trstctl. 

I 
0 Ii II 

I 

'LG:GO:- 7 
2G : GO : 8 I 
26: GO: 11 5 
26: GO: 32 3 

55: 69: ~ 8 
55: 59: 2 3 
55: 59: 1 2 
55 : 59 : G 9 
55: 59: 7 1 
55: 69: 8 3 
55: 59:lO 2 
55: 59: 11 2 
5.5: 59: 16 1 
5.5: 59: 21 1 
.i5: 59: 25 1 
5-i : .i9 : 27 3 
55 : 59 : 32 3 
.i.5: 59: 3‘4 1 

111:58:- G 
111: 58: 2 1 
111: 58: 4 2 
111: 58: 11 1 
111: 58: 12 1 
111: 58: 16 1 
111: 58: 21 1 
111: 58: 27 1 

Totallg 7G 

TAKLE 2 
Auxofrophir Strains Usrtl. 

Ii12 WlGO’i F- AIFSr 0-z KP: H48 
- W3287 Hfrln WSr - 

WG1 w3703 H fr L Tryp-Sr 025: K-: ““3 
H509a w3179 F- HmIsol-Sr 0100: KC: H2 

- XT’3182 F- H-Isol-Sr - 

Markers without relation to the study have been omitted. 11 = methionine. 
1, = leucine. Tryp = tryptophane, H - histidine. Is01 = isoleucine and 

Sr - streptomycin resistant. 

1%’ 3287 is an Hfr strain isolated from K12 F+iWLac+ hy J. Ledrrhr~rg using indirect 
selection (replica plating UPsurvivors against a Lac-- indicator). Strcptomgcin 
resistance was introduced by selection of a spontaneous mutant on streptomycin 
medium. The K12 strains are characterized as rough, no 0 antigen has heen found 
till now. The presence of an ordinary K antigen is doubtful. Th H antigen is num- 
hcred I-118 (Orskou & Glrskou 1960h). 

\\‘(&I was isolated in 1950 from a urine culture submitted to the Wisconsin Public 
Health Laboratory. The markers L-, Try[)r and Sr were introduced hy conventional 



methods (Lrtlerberg 1950). After having been converted to the F+ state an Hfr mutant 
W3703 was isolated hy the authors using indirect selection against a histidine-less 
indicator. W3703 has 0 antigen 25, no detectable K antigen and is non-motile (non- 
flagellate. therefore missing H antigen). 

H5O9a is the type strain of B. coli 0 antigen 100. The markers II-, Isol- and Sr 
were introduced by conventional methods. W3482 received its F factor from the K12 
strain IV1876 F+ (0rskov & 0rskou 1960a). IV3479 and W3Gi2 have 0 antigen 0100, 
a K antigen not yet numhered, and H antigen 2. 

TABLE 3 
Crossc~s bcfween Aurotrophic Hfr, F+ and F- Strains and Prototrophic E. roli 

Anfigcn Typr Strains. 

o-type 
strains. 
U4/41 
Bi623/12 
FlO018/41 
K12a 
F8188/41 
M7a 
PGa 
H304 
E77a 
H510c 

4: 3(L) : 5 
11: IO(L) : IO 
18: 76B:14 
17:iliL: 18 
19:-:7 
25: 19L: 12 
52: . : 19 
34: . : 10 
35: . : 10 
37 : . : 10 

++ 
+‘L ++ 
++++ 
+++A 

++ 
++++ 

+++ 
+A+ ++ 
-I- + 

++A++ + 
+t+ 

c + 
I t-f+ 

F11621/41 38 : 
H7 ST) : 
H316 40 : 
HilOc 41: 
Plla 42: 
u19/41 51 : 
lJ20/41 52: 
Bi7327/41 53: 
SII3685/11 56: 
1~81981~1 57: 

: 26 

:4 
: 40 
: 37 
: 24 
: 10 
:3 

++++ +++ ++++ ++++ ++++ 
,‘_‘, ++++ ++++ ++ 

++++ 
++++ 
+++++ 
+++++ 
Z’ ++ 

++++ 
++ - 
If 
+ +- 

+-t’-+ 
++++ ++ 
+++ 

F8962jll 58: . : 27 +++ * ++ 
F10521/41 62: . : 30 -c++ 
K6b 64: .:- +++ ++ ++ 
Klla 65: : +++ ‘+ 
Pla 66: : 25 +++ +++ - 

P9h 69: . :38 
4-t 

PlOa 71: : 12 +++++++ +++ 
P12a 73: . :31 +++ +++ 
E3a 74: :39 ++t- ++++ ++ -t 
E5d 76: . :8 ++++ t+ 

E71 80: . :26 $?-+ +i+ +++++ + 
HI9 84: .:21 ++++ ++ 

H3 5 86: . :25 -t + 
++ + 

H40 87: .:12 +++- +++++++ 
H68 89: .:16 t+++ -t + + ++ 
H77 90: :- +-t t- 
H307h 91: . :- f’ - 

H308a 92: . : 33 +++ 
H319 96: . : 19 + + 2~ ++ - 

H504c 99: . :33 ++s 
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TABLE 3 (cont.) 

1 

O-type 
strains. 

H509a 100: . :2 ++++ + -I- + 
H511 102: . :8 ++++ +++ 
H519 104: . : 12 +A++ +++ ++ 
H521a 106: . :33 +++ +++ - - 
H705 107: . ~27 +++ ++ 
H708b 108: . :lO +++ +++ 
26~ 114: . :32 ++++ ++ - 
28~ 116: . : 10 -r-+-t + ff .~ 
3OW 117: . :4 +++ 

+T+ 
- - - 

31w 118: . :- +++ .~ 

43w 123: . :16 -t++ ++++ 
Canioni 125: 708: 19 +++ 
178154 129: . : 11 ‘+++ +-t+ A++++ - 

4866133 130: . :9 I+++ +++ +++ 
s239 131: : 26 +++ - 

N87 132: . : 28 

4370153 138: : 35 

+++++ + +++ 

coli Pets 135: . :- +++ :z +:+ - 

K-type strains 
not listed above. 
Pus 3422/41 7:7L:4 ++ +++ +++ - - 
H67 23: 22L: ~ -1 + + +++ + 
Ui449/42 9a: 26.4: - + i++ + - 
E56b 8:27.4~ + t++ .~ 
H36 9: 32.4: 19 - 
A198a 9 :36A : 19 

:: 
+--L 

- - 
- 

A262a 9 : 38‘4 : ~ - ++ - 

A12b 6:54L:p +++ +++ - 
N24c 9 : 5.5‘4 : ~ - 
5017/53 86ah : 64B : 36 Ts - - 
2160/53 127ab: 65B: 4 +-r - 

H-type strains 
not listed aboue. 
Hi7575/41 8: 25B: 9 
H330b 8: . : 20 
K42 45: . : 23 
K72 51: . :24 
K181 11: . : 33 

= l-2 colonies. 
- 10 

++ = 10-50 ~ 
+++ = 50-200 ~ 

++++ - >200 - 

In the serotype formulas . means, not examined. 
- means, antigen not present. 

Only productive crosses have been recorded. 
The antigen for which the corresponding strain is the official type strain has been 
written in italics in the serotype column. 
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199 diffcrcnt E. coZi antigen type strains were crossed with the 
following strains of known fertility: Two Hfr strains W 3287 and 
\V 3703 coming from the “K 12” and the \VG 1 line respectively, further 
one F+ strain \\I 3482 derived from the coli 0 100 type strain. Finally 
crosses with two Fm strains, \V 1607 from the “K 12” line, and W 3179 
derived from coli 0 100 were carried out. The two last mentioned 
strains w’cre included to see if any F+ strains were represented among 
the type strains. All positive crosses were carried out at least twice. 
The control plates on which the two parent strains were inoculated 
scparatively showed no growth in the recorded casts. 

Crossrs brtwern .Au.zotrophic Hfr, F+ and E’- Strains and Protolrophic. E. coli S/ruins 
Isolated from Infnntile I)iarrhof,n. 

I I 

C21-55 26: 60: 32 +++ Switzerland 
Cl 16&Q 26: 60: 32 +++ +++++ hIexic0 
Ci6p56 26: 60: 32 ,. + I Wales 
F53-50 55:59:2 -tt + + * Sweden 
C.572 -54 55: 59: 2 ++++ Germany 
C218.51 55: 59: 10 ++++ + - 
C50-56 55: 59: 11 ++++ ++ Wales 
C222%5’3 (:223&j 55: 59: 11 +++ France 55: 59: 21 

f-+ 
2+ 

C238m56 55: 59: 2!i +++ 
C87- 53 111: 58: -- +++ 

* = l-2 colonies. 

+++ 
= 10 - 
= 10-50 ~ 

+++ = 5op2no 
-+-t-t+ = > 200 

In the serotypc formulas means, not examined. 
- means, antigen not present. 

The outcome of the crosses is shown in Tahlc 3. It appears that 74 
different strains were fertile in crosses with \V 3287 or \V 3703, i.e. 
37 per cent. Sixtythrec strains were fertile with \V 3287 and sixtyfour 
with \c’ 3iO3. Thirtyseven strains were fertile in crosses with the F- 
strain 1\: 3482. Generally there was good agreement between the fertile 
strains found in the three series of crosses; only 10 strains were fertile 
\vith W 3287 and not with 11: 3703, and 11 strains fertile with \V 3703 
and not with \V 3287. All strains fertile with I\’ 3483 gave productive 
crosses with either W 3287 or W 3703. Generally the number of rc‘- 
combinants was largest in the W 3287 crosses. Only a few examples of 
F+ strains ix. strains giving rccombinants in crosses with Fm strains, 
were detected, and the number of rrcomhinants was low in these cases. 
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All crosses wcrc carried out at least twice and as could be cxpectcd the 
number of rccombinants produced in a given cross could vary to a 
large extent from time to time. 

In addition to the coli type strains further 76 coli strains belonging 
to the OK groups 0 26: K 60, 0 55: K 59 and 0 111: K 58 in a variety 
of H antigen combinations were test4 (Table 4). These strains were 
isolated from outbreaks and single cases of infantile diarrhoea and in 
some cases from healthy or diseased animals. Eleven strains gave 
productive crosses with \V 3287, of these nine could also be crossed 
with W 3482, but these crosses were less productive. None were fertile 
with the Fm strains W 3479 and W 1607. It should be pointed out that 
two strains out of three belonging to 0 55: K 59: H 2, and that two out 
of two belonging to 0 55: K 59: H 11 and furthermore three out of three 
belonging to 0 26: K 60: H 32 were fertile in crosses with \V 3287. In 
order to show that there were no direct epidemiological connection 
between these fertile strains of the same serotype, the place where the 
strains were originally isolated have been recorded in the table. In 
order to test if some Klebsiella strains were fertile in crosses with 
\V 3287, the 72 Klebsiella capsule type strains were cxamincd. Eight 
were found to hc streptomycin resistant and could not bc tested with 
the SRP technique. In none of the remaining cases rccombinants could 
be dctcctcd. 

It appears from the recorded experiments that about one third of 
two hundred serologically different E. coli strains are fertile in crosses 
with rithcr or both of two Hfr testers having the K 12 fertility factor. 
This figure is considerably higher than earlier reported figures, 
(Zderberg et al. 1952). As already mentioned Lederbcrgs screening 
of the fertility of wild type strains was carried out before the Hfr, F+ 
and Fm mating system was adequately understood and an F+ strain was 
used as donor instead of the Hfr strain used here. An F+ strain from 
the “K 12” line was not included among the donor strains in this study, 
but even the 0 100 F+ strain, \V 3482, seems to detect more fcrtilc coli 
wild type strains (18 per cent) than the “K 12” F+ strain used in Lcder- 
bergs investigation. One explanation for this discrepancy could bc that 
the criteria for naming a strain E. coli perhaps were less strict among 
the strains in the earlier reported series, than they were among the type 
strains which never deviated much from the recognized biochemical 
pattern of E. coli; the “K 12” wild type strain will show that pattern 
without dcvintions. Another explanation might be the different origin 
and the diffcrcnt age as laboratory strains of the two series of strains. 
The strains used by Lderbcrg et al. were mostly freshly isolated 
strains from pathological conditions, while most of the coli type strains 
have been kept in the laboratory for many years and only part of them 
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are from pathological conditions. It is well known that the 0 and 
K antigens of freshly isolated strains are bctttcr developed than in 
old laboratory strains and further several investigators (Knuffmann 
1944, Vahlne 1945) have shown that the frequency of 0-inagglutinablc 
strains, indicating strains with well dcvelopcd K antigens, is greater 
among strains from pathological conditions than among strains 
isolated from normal faeces. It is therefore probable that the strains 
examined by Lederberg had better developed K and 0 antigens, and 
further that the readiness with which they mutated to R forms was 
less than that of the old laboratory strains used in this study. No- 
body has yet reported if fertility in E.coZi is influcnccd by qualitative 
and quantitative differences of the 0 and K antigens, but it may be 
that strains with poor development of these antigens are more fertile. 
In this connection it could also bc pointed out that none of the 72 
Klebsielh strains, which all have very large capsules wcrc found to 
give productive crosses with the Hfr and F+ strains used here. In 
another investigation (Orskoo, 0rskou & Kauffmann 1961) it was 
found that more than 50 per cent of randomly selected Salmonelln 
strains representing all Salmonella 0 groups wcrc fertile with the 
“K 12” Hfr strain used in this study; it is known that K antigens if 
present, are only poorly developed in Salmonella strains. 

Many of the 0 antigens of the coli type strains are interrelated, but 
only in very few casts have these relationships been definitely clu- 
cidatcd i.e. the coli antigenic scheme is not so explicitly developed as 
to give the highly differentiated tabulation of the different 0 antigen 
fractions which is characteristic of the Kauffmann-White scheme for 
the Salmonella group. What does exist is a listing of the 0 antigen 
agglutination titres from mutual agglutinations of 0 test strains in 0 
antigen typing sera (Ewing 1956). \‘Vhcn such a list is compared with 
the result of the compatibility examination recorded in this paper, it 
is difficult to find any relationship between special 0 antigens or 0 an- 
tigen fractions and fertility. 

The K antigens of the examined strains are to a great extent not 
numbered yet, but from unpublished findings it is known that a large 
fraction of the unnumbered K antigens from the 0 scrics represent 
new and different K antigens most of them probably B antigens. It is 
therefore also difficult to find any relationship between compatibility 
with the testers used and the specificity of the K antigens. When we 
finally turn to the H antigens it is not possible to find any correlation 
between compatibility and the different H antigens. One cxccption is 
H 10 which is found in 9 out of 130 strains in the 0 series; 7 of these 
arc fertile with one or more of the male testers. 

The outcome of the crosses involving more identical strains of the 
same serotype seem to tell more of the role of antigenic components in 
compatibility studies. It appears that neither 0 nor K antigens alone 
can determine the compatibility, because only some of the strains with 



the 0 26: K 60 or 0 55: K 59 comI~lcx arc fertile with the testers used. 
The results seem to imply that the serotype is of some importance, 
because more cases were rccordcd where strains of the same serotypc 
of indcpendant origin were compatible. 

The simplest explanation Lvould bc that such fertile strains of the 
same scrotype were derived from the smnc ancestral strain. 

\Vith this explanation in consideration we cannot draw any con- 
clusions from the recorded results as to a possible gcnctical or physio- 
logical connection between the antigenic composition of a certain scro- 
type and its fertility. 

No large scale examination of the interfertility of the type strains 
that xvcre found to be fertile in these studies have been carried out. 
In a limited number of casts such fcrtilc strains, after conversion to 
the F+ state could also bc crossed with one another (Orskau & Orskou). 

Two thirds of the cxamincd strains were found to be stcrilc. Future 
rcscarch will show if those strains arc completely sterile or if they 
belong to other indepcndant breeding groups. Finally it should bc kept 
in mind that the sterility detected might disappear when a diffcrcnt 
crossing technique was employed. 

A screening for fertility of 199 E. coli antigcnic type strains (0, K 
and H-antigens), using a number of tcstcrs of known fertility showed 
that about 35 per cent were fertile. With few exceptions the strains 
jvcrc found in the F- state. 

No dcfinitc correlation bctwccn fertility and single antigens could 
bc f’ound. 

.I similar screening of a number of coli strains having relations to 
types found in infantile diarrhoca was performed. In a number of 
casts thcrc sccmcd to bc some correlation between the scrotypc and 
the fcrtilitp. 

This fact is considered attributable, not to a connection of antigcnic 
structure with fertility but to a common origin of the strains. 

Finally all Klcbsic~lla capsule type strains were cxamincd; none were 
found to bc fertile. 
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